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Mitotic activityCV2) is the causative agent of a multifactorial disease associated with immuno-
compromisation and co-infections. In vivo, viral DNA and antigens are found in monocytic, epithelial and
endothelial cells. Of these, PCV2 replication has only been studied in monocytic cells, in which little or no
replication was identiﬁed. Accordingly, PCV2 infection was studied in the endothelial cell line PEDSV.15,
aortic endothelial cells, gut epithelial cells, ﬁbrocytes and dendritic cells (DC). In all cells except DC PCV2
replication was detectable, with an increase in the levels of capsid and replicase protein. Variations in
endocytic activity, virus binding and uptake did not relate to the replication efﬁciency in a particular cell.
Furthermore, replication did not correlate to cell proliferation, although a close association of viral proteins
with chromatin in dividing cells was observed. No alteration in the division rate of PCV2-infected cultures
was measurable, relating to replicase expression in only a small minority of the cells. In conclusion, the broad
cell targeting of PCV2 offers an explanation for its widespread tissue distribution.
© 2008 Elsevier Inc. All rights reserved.Introduction
Porcine circoviruses (PCV) are small non-enveloped, single-
stranded circular DNA viruses (Tischer et al., 1982), classiﬁed in the
genus Circovirus, family Circoviridae. According to the eight report on
taxonomy of viruses, the genus Circovirus consists of PCV and other
animal circoviruses such as beak and feather disease virus (BFDV),
duck circovirus, canary circovirus, goose circovirus and pigeon circo-
virus (Todd et al., 2001, 2005). Chicken anaemia virus is the only
member of the second genus within the family Circoviridae—Gyrovirus
(Kato et al., 1995). Two distinct types of PCV have been described: the
non-pathogenic PCV type 1 (PCV1), ﬁrst identiﬁed as a contaminant of
the porcine kidney cell line PK15 (Tischer et al., 1974); PCV type 2
(PCV2), identiﬁed as the causative agent of postweaning multisys-
temic wasting syndrome (PMWS) (Allan et al., 1999). Despite the clear
association of PCV2 with diseases such as PMWS, additional factors
including co-infections and vaccinations are needed for the disease to
be fully expressed (Krakowka et al., 2000, 2001). Primarily 4 to 12-
week old piglets are affected, displaying clinical symptoms of wasting,
respiratory distress, anaemia, diarrhoea, jaundice and enlarged lymph
nodes (Allan and Ellis, 2000). Mortality rates can vary from 1% to 30%iner),
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l rights reserved.in severe cases (Liu et al., 2005). Typical histological ﬁndings are lym-
phocyte depletion and histiocyte inﬁltration in lymphoid organs
(Allan and Ellis, 2000; Segales et al., 2004), as well as lymphohistio-
cytic and plasmacytic periarteritis and endarteritis in several organs
(Opriessnig et al., 2006).
The 1.7 kB PCV2 genome consists of seven open reading frames
(ORF) (Meehan et al., 1997). ORF1 encodes the non-structural replicase
proteins (Rep and Rep’), which are involved in the replication of the
viral genome (Mankertz and Hillenbrand, 2001) while ORF2 encodes
the major structural capsid protein (Cap) (Nawagitgul et al., 2000). It
was recently shown, that ORF3 encodes a viral protein which can be
related to virus-induced cell apoptosis in PK15 cells (Liu et al., 2005).
No protein has yet been associated with the other ORFs. Moreover, it is
generally assumed that PCV replication depends on host enzymes and
entry of the virus into the cell nucleus. Consequently, it has been
reasoned that virus replication should only occur in mitotically active
cells. Indeed, Tischer et al. (1987) showed that PCV DNA was
synthesised during the S-phase of the cell cycle, with viral replication
beginning once the cells passed mitosis.
Although the presence of virus antigen has been identiﬁed in a
number of cell types in vivo (Darwich et al., 2004), such observations
cannot deﬁne the target cell for virus replication. All cell types can
endocytose (Willingham and Pastan, 1984), providing the potential to
internalise PCV2 antigen and nucleic acids; in vivo virus signals have
most often been associated with monocytic and endothelial cells
(Jensen et al., 2006; Opriessnig et al., 2006; Rosell et al., 1999; Yu et al.,
2007). In vitro analyses have demonstrated that PCV2 will infect the
Fig. 1. PCV2 titrations on PK-15A and PEDSV.15 cells. PK-15A (A,B) and PEDSV.15 cells
(C,D) were infected at an MOI of 3 TCID50/cell with live PCV2 for 4 h at 39 °C, washed,
and further incubated at 39 °C for the times shown on the x-axis. Cell supernatants
(ECV) (B,D) and cell lysates (CAV) (A,C) were collected at the times shown, and titrated
on PK-15A (solid lines) or on PEDSV.15 (dashed lines) cells. Means of duplicates+/−SD of
one representative experiment are shown.
312 E. Steiner et al. / Virology 378 (2008) 311–322porcine kidney cell line PK-15 (Meerts et al., 2005a), monocytic cells
(Gilpin et al., 2003; Vincent et al., 2003), foetal cardiomyocytes
(Meerts et al., 2005a), a porcine monocytic cell line (Misinzo et al.,
2005) and primary hepatocyte and kidney cell cultures (Hirai et al.,
2006). Nevertheless, replication of PCV2 has only been reported in cell
lines (Meerts et al., 2005a), and in primary hepatocytes (Hirai et al.,
2006). Cell lines do not reﬂect the characteristics of primary cells; the
replication in the hepatocytes raises the question of whether the virus
is restricted in its cell targeting. Yet the article of Hirai et al. (2006) on
hepatocyte infection does not explain the in vivo observations of PCV2
antigen present in monocytic cells, endothelial cells and epithelial
cells (Allan and Ellis, 2000; Opriessnig et al., 2006) of several tissues.
Accordingly, the present work sought to determine the cell targeting
capacity of PCV2, and the level of diversity therein. For this purpose,
we analysed and compared PCV2 infection and replication in a porcine
endothelial cell line (PEDSV.15), primary porcine aortic endothelial
cells (EDC) and gut epithelial cells (GEpC), and two different types of
antigen-presenting cells. The latter were monocyte-derived dendritic
cells (MoDC) and ﬁbrocytes (Fb); PCV2 is reported to infect but not
replicate in DC (Vincent et al., 2003), whereas nothing is known
concerning PCV2 infection of Fb, representing cells involved in wound
healing processes (Bucala et al., 1994), antigen presentation (Balmelli
et al., 2005) and innate immune responses (Balmelli et al., 2007).
Results
Comparative titration of PCV2 on PK-15A and PEDSV.15 cells
The porcine kidney cell line PK-15A – free of PCV1 and PCV2 – is
generally used for PCV2 titrations (McNeilly et al., 2001). If PCV2 were
to replicate in different porcine cells, the virus may adapt such that
the titers obtained on PK-15A cells would not reﬂect those obtained
on the other cells. Hence, cell supernatants (ECV) and the cell lysates
(CAV) from PCV2-infected PK-15A and PEDSV.15 cells (MOI of 3
TCID50/cell) were titrated on both the homologous and heterologous
cell line. Overall, the results showed that the titers for both CAV and
ECV arising from PCV2 replication in PK-15A cells or in PEDSV.15 cells
were similar when titrated on the homologous or the heterologous
cell line (Fig. 1).
Interestingly, the titration of CAV from infected PK-15A cells on
PEDSV.15 cells revealed higher CAV titers at 1 and 3 d p.i. (Fig. 1A,
dashed line) compared to titration on homologues PK-15A cells (Fig.
1A, solid line), but the difference was only 0.5 to 0.75 log10 TCID50/
1000 cells. This further demonstrates that the virus does not adapt to
the cell type in which it was produced. Therefore all virus titrations in
this study were performed on PK-15A cells.
PCV2 replication in the porcine endothelial cell line PEDSV.15
Recent evidence is suggesting that endothelial cells have impor-
tance in PCV2 associated disease, following the detection of viral
antigen in endothelial cells associated with several organs of infected
pigs, and the apparent relationship to arterial wall inﬂammation
(Opriessnig et al., 2006). Therefore, we tested the ability of PCV2 to
infect and replicate in the continuous porcine endothelial cell line
PEDSV.15. Following infection of the PEDSV.15 cells, 32% of the cells
were positive for capsid protein (Cap) at 6 h p.i.— that is at 2 h after the
adsorption period and removal of unadsorbed virus (Fig. 2A, left plot;
“Cap”). Similar images were obtained with live and UV-inactivated
virus, demonstrating that the signal was due to adsorbed and/or
endocytosed virionmaterial. By 2 d p.i., 11.5% of the cells remained Cap
positive when infected with live virus, whereas the Cap signal had
disappeared (b1%) when UV-inactivated virus was employed (Fig. 2A,
left plot). From 2 d p.i., the percentage of Cap positive cells began to
increase, reaching theirmaximumof N90% by 7 d p.i. (Fig. 2A, left plot),
suggesting that PCV2 replicates in PEDSV.15 cells.In order to conﬁrm de novo PCV2 replication, the infected cellswere
stained in parallel for the replicase (Rep) protein, which is essential for
the replication of both PCV1 and PCV2 (Mankertz and Hillenbrand,
2001; Sun et al., 2007). The levels of this protein are lower than those
for the Cap protein (see Fig. 2). No Rep protein was detected at 6 h p.i.,
nor did any signal appear during the period of observation when UV-
inactivated virus was employed (Fig. 2A, centre plot; “Rep”). In
contrast, between 1 and 2% of the cells, on average, were consistently
positive for the Rep protein from 2 d after infection with live PCV2
(Fig. 2A, centre plot).
In order to determine if this increased viral protein production
translated into virus maturation, cell culture supernatants and cell
lysates from the infected PEDSV.15 cells were tested for the presence
of infectious virus. The residual infectivity – ECV following the 4 h
adsorption period – was less than 100 TCID50/1000 cells (Fig 2A, right
plot – “TCID50” – ﬁrst time point), This was taken to reﬂect residual
inoculum virus and did not change signiﬁcantly at 1 d p.i. Between 1 d
and 2 d p.i., the titers of both ECV and CAV gradually increased to
around 102 TCID50/1000 cells at 7 d p.i., indicating that new viral
progeny was produced (Fig. 2A, right plot).
PCV2 replication in EDC, GEpC, MoDC and Fb
PEDSV.15 cells might have lost endothelial cell characteristics,
therefore PCV2 infection and replication was studied in primary
porcine aortic endothelial cells (EDC). These cells were conﬁrmed to
have EDC characteristics in terms of being collagen I negative and VE-
cadherin positive (data not shown). After the adsorption period – at
Fig. 2. PCV2 replication kinetics in the PEDSV.15 cell line, EDC, GEpC, MoDC and Fb. PEDSV.15 (A), EDC (B), GEpC (C), MoDC (D) and Fb (E) were infected with UV-inactivated virus (UV
PCV2) or live PCV2 for 4 h at 39 °C, washed, and the percentage of Cap (left plots) and Rep (centre plots) positive cells analysed by ﬂow cytometry at the time points indicated (x-axis).
Mean values+/−SD of two (MoDC, Fb) or three independent experiments are shown. Samples were also collected at the different time points p.i. for ECV and CAV titrations (right
plots). The titers are expressed as log 10 TCID50/1000 cells (right chart). Mean values of duplicates +/−SD are shown for one representative experiment.
313E. Steiner et al. / Virology 378 (2008) 311–3226 h p.i. – very few EDC were positive for the Cap protein, whether
infected with live virus or UV-inactivated virus (1.5% and 1.1%
respectively; Fig. 2B, left plot). After 3 d, the image had not changed.
By 7 d p.i., a signiﬁcant increase in Cap positive cells was detected in
live virus infected cells (29.7% Cap positive cells), while still ≤1% of cells
were positive if UV-inactivated virus was employed (Fig. 2B, left plot).
Concerning the Rep protein, this was only found in cells infected withlive virus (Fig. 2B, centre plot), being ﬁrst detected at day 3 p.i. (0.65%
positive cells) and reaching 1.3% positive cells at 7 d p.i. These results
related to the ECV and CAV titers. No ECV titer was detectable after the
adsorption period – 6 h p.i – but started to appear at 3 d p.i, rising to
101.98TCID50/1000 cells by 7 d p.i. (Fig. 2B, right plot). With the CAV
titer, ﬁrst analysed at 1 d p.i., 100.38TCID50/1000 cells were detectable,
increasing to 101.8TCID50/1000 cells at 7 d p.i. (Fig. 2B, right plot).
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gut epithelial cells and gut-associated lymphoid tissue in vivo (Allan et
al., 1999). Accordingly, we analysed the characteristics of PCV2
replication in epithelial cells isolated from the small intestine
(GEpC) of an SPF pig. The GEpC were controlled to be collagen I
negative and E-cadherin positive (data not shown). After the
adsorption period, 17% of the cells were positive for the Cap protein
when infected with live virus, while 7% were positive following
interaction with UV-inactivated virus (Fig. 2C, left plot). No signiﬁcant
increase in Cap positive cells was noted at 2 d p.i., but by 7 d p.i. the
number of Cap positive cells had increased to 41% following infection
with live virus — again there was no increase when UV-inactivated
virus was used (Fig. 2C, left plot). As with the EDC, Rep protein was
detectable in the GEpC only when live virus was employed. The Rep
was detectable at an earlier time point post-infectionwith the GEpC –
2 d p.i. − similar to the PEDSV.15 cell line. At this time, 2.9% of the
infected GEpC were positive for Rep (Fig. 2C, centre plot). Again the
ECV and CAV levels reached their maximumvalues at 7 d p.i., showing
similar titers to those obtained from the PEDSV.15 cell line and EDC.
Next we compared the infection in cells of myeloid origin: MoDC
and Fb, which were characterized as described previously (Balmelli et
al., 2005; Carrasco et al., 2001; Guzylack-Piriou et al., 2004). We have
recently demonstrated that PCV2 efﬁciently associates with DC and
persists in the cells in an infectious form for at least several days,
without any evidence of virus replication (Vincent et al., 2003). This
relationship of the virus with myeloid cells was elaborated by
comparing PCV2 infections of MoDC and ﬁbrocytes (Fb), another cell
of myeloid origin. In contrast to the EDC, the uptake of PCV2 antigen
by the MoDC was particularly efﬁcient: 96% of the cells were Cap
positive after the adsorption period (Fig. 2D). Relating to the previousFig. 3. PCV2 binding (A). MoDC, PEDSV.15 cells, EDC, GEpC and Fb were incubated with live PC
adsorption period. Mean values of duplicates+/−SD are given for one representative experime
of the different cells, the uptake of Alexa488-OVA and the dequenching of DQ-OVA were ana
experiments are shown. PCV2 internalisation (C). After the adsorption period (A), the cells w
refers to the time at 39 °C, following the 4 h incubation period at 4 °C. Mean values of duplreports, these high levels of PCV2 antigen persisted in the MoDC for
the duration of the experiment — 97.5% of the cells were still Cap
protein positive after 7 d (Fig. 2D, left plot). Another major difference
between the MoDC and the other cells was that the efﬁcient uptake of
antigen and persistence for 7 d was also observed with the UV-
inactivated virus (Fig. 2D, left plot). Conversely, there was no
detectable expression of the Rep protein in infected MoDC at any
time point p.i. (Fig. 2D, centre plot). The ECV and CAV titers related to
these observations on the antigen — persisting but not increasing for
the duration (10 d) of the experiment (Fig. 2D, right plot).
Although Fb are also of myeloid origin, the characteristics of PCV2
associationwith these cells was quite dissimilar to that noted with the
MoDC. In fact, the Fb relatedmore to the EDC in showing a low number
(1.35%) of Cap positive cells at 3 d p.i. (Fig. 2E, left plot), the time when
98% MoDC were Cap positive. Moreover, b1% Fb became Cap positive
when UV-inactivated virus was used (Fig. 2E, left plot). On the other
hand, the Fb did become Rep positive when infected with live virus,
although this took longer than with the EDC and the GEpC — 11% Fb
wereReppositive at 14 d p.i. (Fig. 2E, centre plot). Therewas also a clear
increase in ECV and CAV titers with time p.i. (Fig. 2E, right plot), again
with a slower kinetic in the Fb compared with EDC and GEpC.
PCV2 binding
The observed variation among the cell types with respect to the
number of Cap positive cells at 6 h p.i. raised the question of a variable
efﬁciency in virus binding. Consequently, PCV2 was adsorbed to the
different cell types on ice. The CAV titers shown in Fig. 3A reﬂect the
bound infectious virus particles after the 4 h adsorption period on ice.
PCV2 bound most efﬁciently to MoDC and PESDV.15 cells, 101.2 andV2 for 4 h on ice. The CAV titer at 0 h p.i. represents bound infectious particles after this
nt. Endocytic activities of the cells (B). To analyse the endocytic and processing activities
lysed by ﬂow cytometry after 4 h of incubation. Mean values+/−SD of two independent
ere washed and returned to 39 °C to analyse PCV2 internalisation. The 3 h p.i. time point
icates +/−SD are given for one representative experiment.
Fig. 5. PCV2 replication in Fb following treatment with IFN-γ Fb were treated or not
with 100 ng/ml of recombinant porcine IFN-γ for 24 h at 39 °C, washed and infected for
4 h at 39 °C with live PCV2. The percentage of Cap protein positive cells was analysed by
ﬂow cytometry at 7 d and 14 d p.i. (A). The ECV (B) and CAV (C) titers were analysed for
IFN-γ treated (+IFN-γ) or untreated cells (w/o). Mean values of duplicates+/−SD of one
representative experiment are given. For studying the inﬂuence of the cytokine on virus
binding and internalisation, the cells were incubated with the virus for 4 h on ice and
after washing returned at 39 °C (D). The 0 h p.i. time point refers to the end of the 4 h
incubation on ice. Mean values of duplicates+/−SD of one representative experiment
are given. In order to analyse the inﬂuence of cytokine treatment on the cell
proliferation rate, the Fb were treated or not for 24 h with IFN-γ, washed, and for the
last 16 h fed with 3H-thymidine. The results are given as counts per minute (CPM);
means of triplicates +/−SD are shown.
315E. Steiner et al. / Virology 378 (2008) 311–322101.7 TCID50/1000 cells respectively (Fig. 3A). The corresponding titers
on the EDC, GEpC and Fb ranged from 100.0 to 100.4 TCID50/1000 cells
(Fig. 3A).
Relationship of PCV2 uptake to cell endocytic activity
To understand the relationship between endocytic and processing
activities of the different cells and PCV2 infection characteristics, the
uptake of a ﬂuorescent ovalbumin conjugate (OVA) was used as a mea-
sure of endocytosis and DQ-ovalbumin (DQ-OVA) to measure endocytic
processing. The DQ-OVA is a reagent heavily labelled with a ﬂuorescent
dye, resulting in the total quenching of the ﬂuorescence. Upon uptake
and endocytic proteolysis, the protein is cleaved, thus removing the
quenching and permitting detection of the ﬂuorescent signal. When
OVA uptake was analysed after 4 h incubation, the PEDSV.15 cells and
GEpC also gave similar levels — around 10% cells positive (Fig. 3B),
relating to the results shown in Fig. 2, where comparable levels of Cap
positive cells were found at 6 h p.i.. However, the processing of the OVA
– measured with the appearance of the DQ-OVA – appeared to be less
efﬁcient in the PEDSV.15 cells (4% PEDSV.15 cells positive compared
with 11% of GEpC positive; Fig. 3B). With the Fb, low levels – 3% and
2.5% – of OVA and OVA DQ-positive cells were observed, relating to the
low percentage of Cap positive Fb seen at 6 h p.i. (2% — see Fig. 3B). In
contrast, the MoDC and the EDC showed high levels of OVA uptake and
processing, at this 4 h time point, indicating a more rapid endocytic
activity in these cells. However, for the EDC in contrast to theMoDC this
high endocytic activity was not manifest with the uptake of PCV2 —
only 1.5% of the EDC were Cap positive at 6 h p.i. (see Fig. 2B).
PCV2 internalisation/uncoating
To study the effect of the virus internalisation on the replication
efﬁciency, the cells were incubated with the virus at 4 °C and after this
adsorption periodwashed and shifted to 39 °C. After 3 h, the CAV titers
associated with the MoDC and PEDSV.15 cells decreased by 0.3 and 1
logs respectively compared to the 0 h p.i. titers (Fig. 3C). Considering
that these titers would have represented both internalised and
remaining surface-bound virus, the decrease may have reﬂected
dissociation of the virus from the cell surface. Concerning the other
cell types, the titers remained 0.3–0.5 logs lower than the CAV titers
associated with MoDC and PEDSV.15 (Fig. 3C).
The CAV titers continued to decrease with the infection of both the
MoDC and PEDSV.15 cells until 12 h p.i (Fig. 3C). An apparent titer
decline was suggested between 3 h p.i. and 18 h p.i. with the EDC and
GEpC (Fig. 3C). An increase in titer following the decline was observed
in the PEDSV.15 and EDC cells (Fig. 3C), suggesting that infectious
particles were newly produced. Despite the variation shown in
Fig. 3C, these results were consistent among the replicate experi-
ments performed.Fig. 4. Mitotic activity of the cells. MoDC, PEDSV.15 cells, EDC, GEpC and Fb were
cultured for 24 h at 39 °C and the cell division rates evaluated by 3H-thymidine
incorporation assay. Means of triplicates+/−SD are shown.Efﬁciency of PCV2 replication does not correlate with the DNA
proliferation activity of the cells
Based on the suggestion that PCV2 needs proliferating cells to
enter the cell nucleus during mitosis and to advance its replicative
cycle in a productive manner (Tischer et al., 1987), the relationship
between cell division and virus replication was investigated. The cells
with the lowest level of DNA proliferation –MoDC (Fig. 4) – supported
little or no virus replication, while the cells with the highest DNA
proliferation rate – PEDSV.15 (Fig. 4) – were relatively efﬁcient at
producing de novo capsid protein (see Fig. 2A). However, a relationship
between cell DNA proliferation and virus replicationwas not observed
when the other cell types were brought into the picture. Looking at
PCV2 replication kinetics in terms of infectious virus production per
1000 cells demonstrated similar rates in the EDC, GEpC and PEDSV.15
cells were observed (Figs. 2A–C). This contrasted with their DNA
proliferation rates — lower for the EDC and the GEpC than for the
316 E. Steiner et al. / Virology 378 (2008) 311–322PEDSV.15 cells (Fig. 4). A further discrepancy between the virus
replication kinetics and cellular DNA proliferationwas also noted with
the Fb. These cells displayed the lowest levels of viral replication and
slowest production of Cap positive cells. Yet, Fb exhibited a higher
DNA proliferation rate compared with EDC and GEpC (Fig. 4).
Considering that IFN-γ is reported to increase Fb proliferation rate
(Balmelli et al., 2005) – the cell type in which the virus grew the
slowest –we tested the inﬂuence of this cytokine on PCV2 replication
in Fb. Following stimulation with IFN-γ before infection with live
virus, ﬂow cytometric analysis showed that the IFN-γ treatment
clearly had a positive inﬂuence on the percentage of Cap positive cells
after 7 and 14 d p.i. (Fig. 5A).
The IFN-γ dependent increase in Cap positive cells was reﬂected in
higher ECV titers, particularly at 7 d p.i. (Fig. 5B). In contrast, the CAV
titers were not signiﬁcantly increased (Fig. 5C), nor did the IFN-γ
enhance virus binding (Fig. 5D, 0 h p.i.). Furthermore, the cytokine did
not inﬂuence virus internalisation — the CAV titers did not signi-
ﬁcantly differ from 3 h to 24 h p.i. (Fig. 5D). This was not due to anFig. 6. Growth characteristics of cells following PCV2 infection. PEDSV.15 (A), EDC (B), GEpC (C
mock treated for 4 h at 39 °C. The total cell numbers after harvesting the cells at different tim
shown. In order to study the inﬂuence of virus infection on the cell proliferation rate, the c
presence of 3H-thymidine for the last 16 h (E). The values are shown as counts per minute (CP
PEDSV.15 cell cultures – uninfected (w/o), live virus infected (PCV2) and mock treated –were
(F). Mean values of duplicates +/−SD of one representative experiment are given.inability of the IFN-γ to inﬂuence cell proliferation— treatment of the
Fb showed a clear increase in 3H-thymidine uptake (Fig. 5E).
PCV2 is not inﬂuencing cell growth or inducing detectable cell death
Although the cell DNA proliferation rate did not deﬁne the char-
acteristics of PCV2 infection or replication, it was possible that the
PCV2 infection modiﬁed the cell growth characteristics, as observed
with other DNA viruses (Schang, 2003; Xie et al., 1995). Accordingly,
cell counts following interaction with live virus were compared with
cell counts obtained using UV-inactivated virus or mock infection.
Figs. 6A–D show that PCV2 infection did not inﬂuence the cell
numbers in the cultures of any of the cell types, evenwhen the PEDSV-
15 cells were passaged (Fig. 6A). Furthermore, PCV2 infection did not
inﬂuence the cell division or DNA proliferation rates (Fig. 6E).
The above observations tended to conﬂict with the report of Liu et
al. (2005) that the ORF3 protein of PCV2 induces cell death in PK-15
cells during PCV2 infection. Therefore, the percentage of propidium-) and Fb (D) were infected with live virus (live PCV2), UV-inactivated virus (UV PCV2) or
e points (x-axis) are expressed as ×104 cells. Values of one representative experiment are
ells were infected with live PCV2 or mock treated for 4 h, washed and cultured in the
M). Means of triplicates+/−SD are shown. Analysis of the percentage of dead cells in the
measured by labelling with propidium-iodide at time points p.i. indicated on the x-axis
317E. Steiner et al. / Virology 378 (2008) 311–322iodide (PI) positive cells – reﬂecting apoptotic and necrotic cells –was
analysed by ﬂow cytometry in PCV2-infected PEDSV.15 cells. At 6 h p.i.,
5.6% and 7.6% of the cells were PI-positive in the uninfected andmock-
treated cultures, respectively (Fig. 6F). With the PCV2 infected cells,
6.3% were PI-positive (Fig. 6F). The percentage of PI-positive cells
decreased to 3.8% in the PCV2 infected cells and to 3.0% in the mock-
treated cells at 3 d p.i., at which time the uninfected cultures showed
3.3% PI-positive cells (Fig. 6F). The cells were passaged at 3 d p.i. and
stained with PI after a further 4 d in culture (7 d p.i.). The PI-positive
PCV2-infected cells increased to 6.9%, but were not signiﬁcantlyFig. 7. Detection of Cap and Rep by confocal microscopy (A). For confocal microscopy analysis
infection for 4 h at 39 °C, the cells were analysed 2 h after washing or after 3-day incubation
staining for Cap (red), Rep (blue) and the cell nucleus (green: sytox) at 6 h (0.25 d: lower row
representative experiment is shown. Intracellular localisation of Cap and Rep in PEDSV.15 c
incubated for a further 48 h, then ﬁxed and permeabilised, and stained for Cap (red), Rep (blu
right of the main images — by placement of the cross-wire on the cell nucleus as indicated
Nomarski interference image) (C). The relative position of Cap and Rep in a cell nucleus is
merged image of Cap, Rep and sytox. A representative experiment is shown.different from the 5.0% and 5.7% PI-positive cells in uninfected and
mock-treated cultures respectively (Fig. 6F).
PCV2 antigen cellular localisation
Confocal microscopy was employed to characterize the cellular
localisation of the PCV2 proteins following infection. An adsorption
period of 4 h at 39 °C was employed. This was to ensure that the
temperature did not inﬂuence virus binding to the cells, as it would be
the case if the virus were interacting through receptor-independent, live PCV2 virus infected PEDSV.15, EDC GEpC, Fb and MoDC were employed. Following
at 39 °C. At these two time points, the cells were ﬁxed and permeabilised, followed by
: Nomarski interference image) and 3 d p.i. (lower row: Nomarski interference image). A
ells (B–D). Live PCV2 virus infected PEDSV.15 cells were washed after 4 h of infection,
e) and the cell nucleus (green: sytox). Cross-section proﬁles are shown below and to the
(B,C). Magniﬁcation of the cell nucleus shown (B). Dividing cell shown (grey colour =
shown (D): cell nucleus labelled with sytox; Cap; Rep; merged image of Cap and Rep;
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ﬂow cytometry results, the Cap protein associated with most of the
PEDSV.15 andMoDC at 6 h p.i. (0.25 d) (Fig. 7A). The amount of antigen
per MoDC was often greater than that observed per PEDSV.15 cell,
which would explain the lower signal by ﬂow cytometry with
PEDSV.15 cells compared with MoDC — 30–40% PEDSV.15 cells posi-
tive (see Fig. 2A), N95% MoDC positive (see Fig. 2D) by ﬂow cytometry.
With the EDC and GEpC (Fig. 7A), lower levels of antigen were found
associated with the cells, although certain EDC could have similar
levels to those found with the PEDSV.15 cells. While the image with
the EDC would relate to the ﬂow cytometry results (see Fig. 2B), this
cannot be said for the images of the GEpC (see Fig. 2C). One explan-
ation might relate to the sizes of the cells in the cultures on the lab-
teks used for microscopy. GEpC are more extensively spread over
the slide surface compared with the EDC (Fig. 7A). This would
restrict visualisation of positive cells in a single ﬁeld with the GEpC.
Another explanation might relate to a different binding capacity or
detection capacity for the anti-Cap antibody when employed with
microscopy and ﬂow cytometry. Indeed, the cell-permeabilisation
methods do differ for microscopy and ﬂow cytometry. Moreover, the
former uses Alexa conjugates for the red channel (due to the laser
employed with confocal microscopy), whereas ﬂow cytometry re-
quires phycoerythrin conjugates, which cannot be used with con-
focal microscopy due to the cross talk between channels. With the
Fb the low levels of virus antigen associated with these cells after
the 6 h adsorption period relate to the ﬂow cytometry and infectivity
results (Fig. 7A).
Interestingly, there was no apparent increase in the Cap antigen
signal in the PEDSV.15 cells at 3 d p.i. (Fig. 7A). In contrast, the
distribution of the Cap-containing inclusions altered — with more
inclusions being seen perinuclear rather than peripheral. Moreover,
certain perinuclear inclusions were large, typical of those associated
with perinuclear viral antigen factories seen with other DNA viruses.
With the EDC and the GEpC, there was a more obvious increase in the
Cap protein signal per cell at 3 d p.i. (Fig. 7A). Although this could not
be observed with the population analysis through the ﬂow cytometry
(see Figs. 2B,C), it did reﬂect the increase in virus titers obtained from
the virus infectivity analyses (see Figs. 2B,C). Moreover, there was
again an increase in the number of perinuclear inclusions (Fig. 7A). As
for the Fb and MoDC, the amount of Cap antigen in the positive cells
had not changed by 3 d p.i. (Fig.7A). This was not surprising, con-
sidering that the virus replicated particularly slowly in Fb, while there
was no evidence of replication in the MoDC.
The presence of Rep antigen was also noted in the PEDSV.15 cells,
EDC and GEpCwithin 3 d p.i (see Fig. 2). In order to analyse the relative
intracellular distribution of the PCV2 antigens, the more rapidly
dividing PEDSV.15 cells were used to facilitate antigen localisation in
cells with dividing nuclei. At 2 d p.i., both the Cap and Rep proteins
were present in the cell nucleus of certain cells (Figs. 7B,C). At this
relatively early time point, the bulk of the antigen – both Cap and
Rep – showed a cytoplasmic localisation, likely reﬂecting sites of
synthesis. In certain cells, the Rep protein could be found in a peri-
nuclear region, in a close positional relationship to the Cap protein
(channel correlation in co-localised volume: Cap/Rep: 0.25)(Fig. 7B,
arrow). In cells showing a dividing nucleus, both proteins appeared to
migrate with the cell chromatin in the mitotic ﬁgures (channel
correlation in co-localised volume: Cap/sytox: 0.43; Rep/sytox: 0.72)
(Fig. 7C, arrow).
Although the majority of the Cap protein in cells with dividing
nuclei (Fig. 7C) was not apparently associated with the chromatids,
cells did arise inwhich themajority of both Cap and Rep proteins were
localised in the nucleus (Fig. 7D). Therein, it would appear that the two
PCV2 proteins were co-localising in certain areas (purple colour,
Fig. 7D). Image analysis conﬁrmed that the Cap and Rep proteins co-
localised in the nucleus (channel correlation in co-localised volume:
Cap/Rep: 0.61).Discussion
Although the presence of PCV2 antigen has been described in
several types of cells in vivo (Allan and Ellis, 2000; Opriessnig et al.,
2006), such observations cannot deﬁne precisely the cells inwhich the
virus replicates. Accordingly, the present study compared PCV2 in-
fection and replication in cell types of different origin.
Virus attachment and cell endocytic capacity are not the sole limiting
factors for PCV2 replication
PCV2 attachment to cells was not restricted to a certain cell type,
relating to the reported PCV2 interaction with glycosaminoglycan
structures (Misinzo et al., 2006) common to many cell types (Rostand
and Esko, 1997). However, PCV2 did not interact equally with all cells.
The virus was bound and internalised efﬁciently by MoDC, but poorly
by EDC. In contrast, EDC rather than MoDC supported detectable virus
replication. Although this suggests a negative link between endocytic
activity and virus replication, the relationship is not so straightfor-
ward. Virus binding and internalisation by EDC was also poor com-
pared with PEDSV.15 cells and the GEpC, yet all three were similar for
supporting productive virus replication.
While the EDC were poorly endocytic for PCV2, this was not the
case for ovalbumin, the endocytosis of which was similar for EDC and
MoDC. This discrepancy may reﬂect inefﬁcient virus/Cap binding by
the EDC. Alternatively, EDC may be more efﬁcient at processing the
Cap protein, rendering the antigen undetectable. This would relate
to the high efﬁciency of EDC for processing ovalbumin. However,
the EDC were similar to the MoDC in this property, suggesting that
the EDC handling of ovalbumin and PCV2 cannot be the same as for
MoDC, wherein the Cap protein apparently resisted degradation and
persisted.
Relationship of de novo Cap synthesis and virus replication
The presence of Cap protein does not equate with de novo virus
replication. Indeed, the Cap protein signal early after infection reﬂects
more the uptake of the virus particles and Cap protein. Only in cells
other than the MoDC – PCV2 infection in MoDC is considered as
relatively non-productive (Vincent et al., 2003) – an increase in the
percentage of Cap positive cells was observed over time. This increase
in the Cap signal did correspond to an elevation in progeny virus titers
and therefore productive infection. Nevertheless, an increase in Cap
positive cells per se did not deﬁne the level of PCV2 productivity.
PEDSV.15 cells, and to a lesser extent GEpC, were more efﬁcient than
the EDC for Cap protein production, but the EDC had a similar kinetics
of progeny infectious virus production. This suggests that the EDC
were the more efﬁcient at incorporating de novo synthesised Cap
protein into mature progeny virus.
Relationship of de novo Rep synthesis and replication
Although the Rep protein was only detected at low levels, it was
associated with cultures wherein the virus was replicating. Clearly,
detection of the Rep protein was more reliable than detection of the
Cap protein as an indicator of PCV2 replication. Nevertheless, Rep
protein synthesis is only one step in the replicative cycle, although it is
essential for assuring initiation of PCV2 genome replication. The
involvement of the cellular DNA replication machinery is also indis-
pensable, leading to the formation of the viral replicative form and
progeny genomes, upon which the Cap protein condenses to form
infectious particles. One can only ascertain complete PCV2 replication
by detecting infectious virus progeny. Detection of Rep protein is
certainly more indicative of likely virus replication than is detection of
Cap protein; detection of replicative forms would be additionally
informative.
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involved in the virus replicative cycle. Considering that Rep protein
should be found in the cell nucleus during the S-phase of the cell cycle
(Mankertz et al., 2004; Tischer et al., 1987), the observed low level of
Rep positive cells in the cultures might reﬂect cells in S-phase at the
moment of analysis. If virus replication only occurred in Rep positive
cells, the efﬁciency of virus progeny production is estimated at
approximately 5–10 infectious particles per cell with PEDSV.15 cells,
EDC and GEpC, which is comparable to other viruses.
Accordingly, the apparently low level of progeny virus production
would be reﬂecting the number of cells in which the Rep protein
becomes associated with the cell nucleus, rather than a poor
replication per se. How the Rep protein becomes associated with the
cell nucleus is still a matter of investigation; no intracellular factor to
assist PCV2 Rep protein nuclear translocation has yet been identiﬁed.
Some insight may come from studies on Geminiviruses, with which
porcine circoviruses are evolutionarily linked (Niagro et al., 1998).
Geminivirus Rep protein interacts with plant and human retinoblas-
toma protein, which may upregulate S-phase functions required for
viral replication (Gutierrez, 1999; Xie at al, 1995). However, the obser-
vations on Rep protein association with mitotic ﬁgures (see below)
may provide an alternative mechanism.
Relationship of mitotic activity to virus replication
PCV2 is reported to require dividing cells for its genome to enter
the cell nuclei for replication and transcription (Tischer et al., 1987).
Our own observation showed that the cells permissive for productive
PCV2 infection were mitotically active, but this is not simply a direct
relationship. While the low mitotic activity of MoDC does relate to an
apparent absence of virus replication, the level of mitotic activity for
the other cells did not reﬂect the degree of virus replication. Fb were
mitotically more active than EDC and GEpC, but showed the slowest
virus replicative cycle. PEDSV.15 cells were even more active in terms
of cell proliferation, but were similar to the less active EDC for pro-
ducing infectious progeny virus.
The inﬂammatory cytokine IFN-γ was reported to enhance Fb
proliferation (Balmelli et al., 2005). An increase in the percentage of
Cap positive cells was observed with IFN-γ treated Fb, but no change
in infectious progeny virus production. This suggested an inﬂuence on
Fb endocytic activity, relating to the report on enhanced internalisa-
tion of PCV2 virus-like particles (VLP’s) by an IFN-γ treated monocytic
cell line (Meerts et al., 2005b). However, the latter authors maintained
the IFN-γ in their cultures, rendering it difﬁcult to deﬁne the cellular
process being inﬂuenced. Our own use of the cytokine only at the
initiation of the infection demonstrated that the IFN-γ did not
inﬂuence PCV2 binding or internalisation by the cells. The inﬂuence
appeared to be on the production of Cap protein, but not infectious
virus.
Virus-induced cell death
PCV2 did not induce detectable cytolysis during the 7-day period of
observation, even after passaging the PEDSV.15 cells. This suggests
that the extracellular virus was released by exocytosis. Alternatively, if
only Rep positive cells released virus by cytolysis, a maximum of 1.5–
2% would be lysed at a particular time point. Such low numbers are
difﬁcult to discriminate from the “spontaneous” cell death occurring
in tissue culture. Further analyses, such as determining the expression
of ORF3 – the so-called apoptosis-inducing protein (Liu et al., 2005) –
may elaborate on these studies on PCV2 induced cell death.
Subcellular localisation of Cap and Rep proteins
Considering the relationship between PCV2 replication and the
detection of Cap and Rep protein, it was of interest to analyse furthertheir compartmentalisation in the cell. Cap and Rep protein synthesis
were ﬁrst detectable in cytoplasmic inclusions, as expected consider-
ing the site of protein synthesis. Many of these inclusions –
particularly with Rep – were perinuclear, typical of DNA replicating
viruses requiring cellular nuclear involvement for virus maturation.
The Rep was also seen in close association with the Cap, but the Cap
protein dominated the antigen levels in the cell. Considering the
replication of beak and feather disease virus (BFDV) (Heath et al.,
2006), to which PCV2 is related, the Cap protein may be important for
translocating the viral genome and the Rep protein to the cell nucleus.
Nuclear association of PCV2 Rep protein is seen together with Cap
protein, but porcine circoviruses do differ from BFDV. The PCV1 Rep
protein contains its own nuclear localisation signals (NLS) (Finster-
busch et al., 2005). This is important considering our ownmicroscopic
observations on PCV2 Rep protein in close proximity to the Cap
protein, particularly at cell division. Algorithmic analysis demon-
strated that the two proteins were co-localised. Furthermore, both Rep
and Cap protein associated with the condensing chromatin in mitotic
ﬁgures during cell mitosis. This would suggest that Rep and Cap
proteins become associated with the nucleus during mitosis, relating
to the observations of Tischer et al. (1987).
Conclusions
The present study demonstrates that PCV2 shows a pluripotency
for infecting cells of epithelial, endothelial and myeloid origin. This
offers an explanation for the widespread tissue distribution of the
virus in infected animals (Allan and Ellis, 2000; Opriessnig et al.,
2006). Although the virus replication characteristics were variable
dependent on the cell type involved, a common feature was an
increase in Cap and Rep protein expression correlating with virus
replication. Such variation among the different cell types was showing
that PCV2 replication is dependent on cellular endocytic processes
and mitotic activity. Active endocytic processes are important for the
internalisation of the virus and Cap protein, but do not guarantee
initiation of the virus replicative cycle. The dominant endocytic
processes of MoDC are important for internalisation and accumulation
of viral proteins, whereas the processes of EDC and GEpC are more
important for virus uncoating and initiation of the virus replicative
cycle. Thereafter, successful PCV2 replication appears to be dependent
on how the Rep and Cap proteins associate with mitotic ﬁgures. A
close association with separating sister chromatids suggests that the
viral proteins may interact with the microtubules of the mitotic
spindle, which in turn could explain how the virus spreads between
daughter cells without release from the cell. Further studies on the
interaction of PCV2 proteins with such cellular structures, as well as
associated proteins, will help clarify how virus infection leads to
antigen accumulation or virus replication, and the relevance of the
dominant form of endocytosis therein.
Materials and methods
Antibodies
Anti-capsid protein ORF2 mAb 7G5-G4-A1 (IgG2a) and anti-
replicase protein ORF1 mAb F210 7G5-C1-G9 (IgG1) were kindly
provided by Dr. Allan GordonQUB, Belfast. Anti-collagen type ImAb (I-
8H5) was purchased from Calbiochem/EMD Biosciences, Inc (La Jolla,
CA), anti-VE cadherin mAb (F-8; sc9989) from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany) and anti-E-Cadherin mAb (clone HECD-1)
from Zymed laboratories, (Invitrogen, Basel, Switzerland).
PCV2 preparation
A PCV2 isolate from Canada – Stoon 1010 (Ellis et al., 1998) – was
used to prepare virus stocks in the PK-15A cell line, as described
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titrating the stocks on PK-15A cells, using the Karber formula for
calculation, and expressed as 50% tissue culture infectivity doses
(TCID50/ml) on the basis of the immunoﬂuorescent detection of PCV2
antigen using an antibody directed against the ORF2-encoded capsid
protein (7G5-G4-A1) (McNeilly et al., 2001). In some experiments UV-
inactivated PCV2 lysate was used for “infection”. For this, the
infectious lysate from PK-15A cells was inactivated in a UV chamber
(Biorad; GS Gene Linker) at 125 mJ for 17 min. The infectivity of the
UV-inactivated virus was tested as above by titration on PK-15A cells.
Cells and culture medium
The porcine kidney cell line PK-15A was cultured in minimal
essential medium containing Earle’s salts (Invitrogen), 10% (v/v) FBS at
37 °C, 6% CO2.
The porcine aortic endothelial derived cell line (PEDSV.15), kindly
provided by Dr. Seebach at the University Hospital Geneva, was
cultured in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM), 10% (v/v)
FBS, supplemented with Non-Essential Amino Acids Solution (NEAA)
and 100 mM sodium pyruvate (all from Invitrogen) at 37 °C, 6% CO2.
The cells were VE-cadherin positive, but negative for PCV1.
Fb were isolated, cultured and phenotypically deﬁned as described
previously (Balmelli et al., 2005). In some experiments, cells were
activated using 100 ng/ml of porcine IFN-γ (kindly provided by
Novartis, Basel, Switzerland).
MoDC were generated and deﬁned as described previously
(Carrasco et al., 2001) (Guzylack-Piriou et al., 2004). Brieﬂy, peripheral
blood mononuclear cells (PBMC) were isolated from buffy coats of
speciﬁc pathogen free (SPF) pig blood by density centrifugation over
Ficoll-Paque (1.077 g/L) at 1000 ×g for 25 min. CD172a-positive
monocytes were selected by magnetic cell sorting using MACS
(Miltenyi, Bergisch-Gladbach Germany), and cultured for 5 d in
DMEM, 10% (v/v) SPF pig serum, recombinant porcine (rp) GM-CSF
(150 ng/ml, kindly obtained from Shigeki Inumaru, Institute of Animal
Health, Ibaraki, Japan) and rpIL-4 (100 U/ml; prepared as previously
described (Carrasco et al., 2001) (MoDC medium).
EDC were isolated from porcine aorta sections. Surrounding tissue
was removed from the aorta, whichwas kept in cold PBS containing 5×
Penicillin/Streptomycin (Invitrogen) and 5× Amphotericin B (Invitro-
gen) (washing solution). The aorta was rinsed with washing solution
and cut in small pieces of approximately 1 cm2. Thesewere digested at
37 °C for 2 h by constant stirring in PBS containing 5× Penicillin/
Streptomycin, 5× Amphotericin B and 1.2 U/ml Dispase II (Roche; nr.
295 825). The resulting suspensionwas ﬁltered through sterile 4-layer
gauze and centrifuged at 800 ×g, 4 °C for 5 min. The cell pellet was
washed twice and resuspended in Endothelial-SFM Medium (Invitro-
gen), supplemented with 7% (v/v) FBS, Glutamax I, 2× Penicillin/
Streptomycin, and 2× Amphotericin B (Growth Medium). The
endothelial cells were characterized as collagen I negative and VE-
cadherin positive. Maintenance medium for the cells was as for
Growth Medium, but contained 1× Penicillin/Streptomycin and 1×
Amphotericin B. It was changed every 3 d until the cells were ready for
use. The cells were employed within 6 passages.
GEpC were isolated from the small intestine (jejunum fragment) of
SPF pigs. The tissue sample obtained was rinsed with the same
washing solution as for the endothelial cells preparation. It was then
cut into small pieces, which were placed in a 75 cm2 tissue culture
ﬂask, and further washed until the supernatant appeared clear.
Afterwards, the tissue was digested by shaking at 37 °C for 30 min in
DMEM containing 2.5% (v/v) FBS, 1× NEAA, 5× Penicillin/Spreptomy-
cin, 5× Amphotericin B, 1.2 U/ml Dispase II and 500 μg/ml Collagenase
D (Roche; nr. 11088858001). The resulting suspension was ﬁltered
through sterile 4-layer gauze and centrifuged at 500 ×g, 4 °C for 5 min.
The cell pellet was washed twice in DMEM, 2.5% (v/v) FBS,1× NEAA, 2×
Penicillin/Streptomycin, 2× Amphotericin B, 2.5 μg/ml bovine insulin(Sigma Chemicals, Buchs, CH) and 10 ng/ml human epidermal growth
factor (PeproTech, Hamburg, Germany) (hEGF) (culture medium).
GEpC were characterized as collagen I negative, E-cadherin positive.
The cells were used up to passage 7.
Infection of the cells
The different cell types were seeded in 12 well plates in a total
volume of 2 ml medium 24 h before infection with live PCV2 or UV-
inactivated virus at a MOI of 3 TCID50 per cell or mock-treatment. All
cultures were maintained at 39 °C, which is the body temperature of
the pigs fromwhich the primary cells were isolated. Where indicated
in the Results, cells were treated with 100 ng/ml IFN-γ for 24 h before
infection. At 4 h post-infection (p.i.), the cells werewashed three times
with 1 ml of medium/well to remove the majority of unadsorbed
virus.
Infection of 5-day old MoDC was performed in either 15 ml tubes
or plates. These cells were also infected for 4 h with PCV2 or UV-
inactivated virus at MOI of 3 TCID50/cell, or for 24 h at a MOI of 1
TCID50/cell. After this initial infection period, the cells were washed 3
times with 5 ml of MoDC medium to remove the majority of
unadsorbed virus. Cells were further cultured in 12 well plates, and
re-fed every 2 to 3 d with fresh MoDC medium. Infection of the
different cell types was monitored by ﬂow cytometry at various time
points post-infection as indicated in the Results. Mock controls used
identical infections to the above, but employing lysates from
uninfected PK-15A cells.
Virus binding and internalisation
To study virus binding and entry the cells were kept at 4 °C for the
4 h infection period and washed with cold medium to remove
unbound virus. The cells were harvested with cold PBS-EDTA to ana-
lyse the virus binding or returned at 39 °C to study virus internalisa-
tion. The infectious cell-associated virus (CAV) was measured by virus
titration.
Extracellular virus (ECV) and cell-associated virus (CAV) titration
For ECV titration, the cell supernatants were collected at time
points p.i. indicated in the Results, and clariﬁed at 500×g, 4 °C for
5 min. The supernatants were stored at −20 °C until titration was
performed as described above.
For CAV titration, the cells were harvested at the different time
points p.i. indicated in the Results, and counted. At each indicated time
point, the same amount of cells was resuspended in 500ul of medium,
frozen and thawed 3 times in liquid nitrogen, then centrifugated at
3000×g, 4 °C for 30 min. The supernatants were removed from the
pellet and titrated. Virus titers were expressed as TCID50/1000cells.
Flow cytometry
Cells were detached by Trypsin-EDTA, then ﬁxed and permeabi-
lised using the cell-permeabilisation kit “Fix and Perm” (ADG An Der
Grub, Bio research GMBH, Austria). Viral capsid and replicase proteins
were detected using the mAbs against ORF2 and ORF1. The antibodies
were detected by ﬂuorescein or phycoerithrin-conjugated goat F(ab’)2
anti-mouse isotype-speciﬁc immunoglobulins (Southern Biotechnol-
ogy Associates, Bioconcept, Switzerland).
The percentage of dead cells in culture was assessed by uptake of
100 ng/ml of propidium-iodide (PI; Sigma Chemicals, Buchs, CH).
Confocal microscopy
The adherent cell lines and primary cells were seeded on labtek II
(Nunc, Roskilde, Denmark) in 0.5 ml of medium. After 24 h, the cells
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and 3 TCID50/cell or mock treated in a volume of 200 μl per well. After
4 h of incubation, the cells were washed 3 times with 0.5 ml of
medium per well.
MoDC were infected at a MOI of 1 TCID50/cell for 24 h, washed
three times and the cells plated on collagen-coated labtek II. Cells
were washed twice in cold PBS, 1% (w/v) BSA, 0.02% (v/v) NaN3 (wash
medium), ﬁxed in 4% (w/v) paraformaldehyde (EM grade) for 10 min
at RT and washed twice in cold wash medium.
Virus antigens were stained with mAb against ORF2 or mAb
against ORF1 in 0.3% saponin buffer (PBS, 0.3% w/v Saponin — Sigma)
for 30 min on ice. Afterwards, the cells were washed twice in 0.1%
saponin buffer (PBS 0.1% w/v Saponin) and incubated with isotype-
speciﬁc Alexa-conjugated anti-mouse IgG, diluted in 0.3% saponin
buffer, for 20 min on ice. The cells were washed again and the cell
nuclei were stained with 0.2 μM sytox (Invitrogen), diluted in 0.3%
saponin buffer, for 15 min on ice. After washing the cells, they were
mounted and analysed with a Leica TCS-SL spectral confocal micro-
scope equipped with Leica LCS software (Leica Microsystems AG,
Glattbrugg, Switzerland). The confocal images were further analysed
by the Imaris software for co-localisation analysis and the GIMP image
analysis program version 2.2.
3H-thymidine incorporation assay
Triplicates of 5,000 cells were seeded in 96well plates for 24 hwith
or without 100 ng/ml INF-γ at 39 °C, 6% CO2, thenwashed and infected
or not for 4 hwith live PCV2ormock treated. After awashing step at 4 h
p.i., the proliferative activity of the cells was measured by addition of
1 μCi per well of 3H-thymidine (Hartman Analytica, Zürich, CH) for the
last 16 h of culture. Results are shown as counts per minute (CPM).
Endocytotic activity of the cells
The different cell types were seeded in 12 well plates for 24 h at
39 °C. Ovalbumin Alexa Fluor 488 (Invitrogen) or DQ-ovalbumin
(Invitrogen) was added at a concentration of 2 μg/1 Mio cell. After 4 h
of incubation the cells were washed 3 times with 1 ml of medium,
detached with Trypsin-EDTA and after additional washing steps ﬁxed
with 1% (w/v) paraformaldehyde. The percentage of OVA or DQ-OVA
positive cells was analysed by ﬂow cytometry.
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